Upstream transcription factor 1 (USF1) has been associated with familial combined hyperlipidemia, the metabolic syndrome, and related conditions, but the mechanisms involved are unknown. In this study, we report validation of Usf1 as a causal gene of cholesterol homeostasis, insulin sensitivity and body composition in mouse models using several complementary approaches and identify associated pathways and gene expression network modules. Over-expression of human USF1 in both transgenic mice and mice with transient liver-specific over-expression influenced metabolic trait phenotypes, including obesity, total cholesterol level, LDL/VLDL cholesterol and glucose/insulin ratio. Additional analyses of trait and hepatic gene expression data from an F2 population derived from C57BL/6J and C3H/HeJ strains in which there is a naturally occurring variation in Usf1 expression supported a causal role for Usf1 for relevant metabolic traits. Gene network and pathway analyses of the liver gene expression signatures in the F2 population and the hepatic over-expression model suggested the involvement of Usf1 in immune responses and metabolism, including an Igfbp2-centered module. In all three mouse model settings, notable sex specificity was observed, consistent with human studies showing differences in association with USF1 gene polymorphisms between sexes.
INTRODUCTION
Upstream transcription factor 1 (USF1) is a ubiquitously expressed transcription factor that has been implicated in the genetic control of metabolic and vascular diseases. Prominent among these is familial combined hyperlipidemia (FCHL; MIM 144250), characterized by elevated levels of total cholesterol, triglyceride, or both, with other component traits including low HDL (high-density lipoprotein) cholesterol, small dense LDL (low-density lipoprotein) particles, elevated apolipoprotein B and/or free fatty acid. FCHL predisposes to premature coronary heart disease, and is the most common familial dyslipidemia, with a population prevalence of 1 -6% in Western populations (1 -3) . Whole-genome scans and candidate gene studies performed in FCHL families in different populations have identified several putative loci for FCHL (4) . A linkage peak on 1q21 -23 was identified as a major locus for FCHL in Finns and subsequently replicated (5 -9) , which led to the identification of USF1 as the first positionally cloned gene for FCHL (10) . In addition to FCHL, genetic variants of USF1 have been associated in independent studies with various complex disorders, including metabolic syndrome and related traits (11 -15) and, in some studies, risk of type 2 diabetes (16) (17) (18) and cardiovascular disease (19 -22) . Interestingly, many of the clinical metabolic features of FCHL also represent trait components of type 2 diabetes and metabolic syndrome, including dyslipidemia and insulin resistance, both of which are associated with increased risk of cardiovascular diseases (23) . However, the picture is not entirely clear, as not all studies have identified associations of these phenotypes with USF1 variants (16, 17, 22, 24, 25) , and positively identified associations were not always with the same variant (13, 15, 21) . Additionally, a frequent observation was the occurrence of sex differences in the presence or strength of associations (13, 14, 17) . There are limited data regarding USF1 transcript levels in human tissues. In two † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. studies of adipose tissue, USF1 transcript levels did not differ in relation to USF1 alleles (10, 26) . Direct correlations of USF1 transcript levels with phenotypes have not been reported.
USF1 is a member of the basic helix -loop -helix leucine zipper family of transcription factors. It can form homodimers or heterodimers with USF2, which recognize E-box regulatory sequences and lead to transcription activation and/or enhanced gene expression (27) . Biochemical and molecular analyses in cells have shown that USF1 regulates multiple genes, including apolipoproteins, lipases and various enzymes participating in glucose and lipid metabolism (4, 28, 29) . Taken together, these genetic and biochemical data suggest that USF1 may play an important role in regulating metabolic traits in vivo. However, there is limited direct evidence in animal models to confirm such a role (30, 31) .
Recently, using an integrative genetics analysis of an F2 mouse population, we identified Usf1 as one of a number of genes supported as having a causal role for relevant metabolic traits (32) . These included HDL cholesterol, free fatty acid and insulin levels in plasma for both males and females. Sex differences were also noted, as in males, Usf1 was additionally a causal gene for adiposity, total cholesterol and unesterified cholesterol, whereas in females, for plasma triglyceride level and fat pad size. In this study, we report validation of Usf1 as a causal gene of cholesterol homeostasis, insulin sensitivity and body composition in the mouse using over-expression of USF1 in both transgenic (tg) mice and mice with transient liver-specific over-expression. Network and pathway analyses of the liver gene expression signatures in the hepatic overexpression model and the F2 population were also performed to further characterize possible mechanisms and effects of Usf1.
RESULTS

Generation and characterization of USF1 tg mice
In order to maintain the endogenous regulatory regions of USF1, we used a bacterial artificial chromosome (BAC) clone to construct tg mice over-expressing human USF1.
The BAC clone contained the entire coding region of USF1 as well as two flanking genes, PVRL4 and ARGHAP30 (Supplementary Material, Fig. S1A ). Efforts to isolate a BAC fragment with the USF1 gene alone were unsuccessful and could have resulted in the removal of regulatory elements. The potential role of the additional genes on phenotype was addressed using transient over-expression studies described in what follows. Three independent lines of USF1 tg mice were generated as described in Materials and Methods and maintained in the heterozygous state on the FVB strain background. On the basis of the expression level, the three tg lines were designated as being high, medium and low expressers of USF1, where a 5:2:1 ratio of human USF1 transgene expression was observed, respectively (Fig. 1A) . As assessed by quantitative RT -PCR, significant expression of the human USF1 transgene was observed in a number of tissues, including the liver, adipose, skeletal muscle, spleen, intestine, lung and whole brain, similar to the endogenous mouse Usf1 gene in both tg and non-tg mice (Fig. 1B) . USF1 tg mice developed and reproduced normally. No behavioral abnormalities or anatomical defects were observed in any major organs.
High expresser male USF1 tg mice showed significant decreases in total body weight, fat mass and overall adiposity, compared with their wild-type (wt) littermates (Fig. 2) . We noted that the differences appeared throughout the entire observation period, between week 8 and week 23 after birth. However, in females, the differences as the mice grew older were less clear. Follow-up studies showed that differences in these traits for both sexes were not observed at the immediate post-weaning time, indicating that the effects were not developmental in origin (data not shown). Food consumption was assessed in 8-week-old female mice of the high expresser line and found to be greater in transgenics compared with controls (P , 0.05; Supplementary Material, Fig. S2 ), suggesting that the transgenics had a higher metabolic rate or level of activity. Body temperatures did not differ.
In addition to altered body composition, both male and female USF1 tg mice were observed to have significant decreases in total cholesterol and HDL cholesterol, compared with their wt littermates (Fig. 3) . In female USF1 tg mice, significant reductions in LDL þ VLDL, and unesterified cholesterol fractions, were also observed. Medium expresser mice showed comparable but less pronounced differences, whereas the low expresser transgenics did not differ from the non-tg littermates (Fig. 3) . Plasma triglyceride levels were consistently higher in transgenics relative to controls, except in high expresser line females. However, there was substantial variability, and the differences were not significant (P . 0.05; Supplementary Material, Table S1 ).
Metabolic effects of transient adenoviral delivered USF1 over-expression in liver
The effects of transient USF1 over-expression in the liver were studied using a USF1 recombinant adenoviral infection in Figure 2 . Body composition traits in high expresser line USF1 tg and wt mice. Graphs display mean + 1 SEM at each time point.
Ã P , 0.05 by unpaired t-test.
C57BL/6J mice. The AdUSF1 construct (Supplementary Material, Fig. S1B ) was delivered via tail vein injection, resulting in the liver being the major site for USF1 overexpression. Expression of both human USF1 mRNA and protein was confirmed, with mRNA levels being comparable with the high expresser tg line (Supplementary Material, Fig. S3 ). Analysis of plasma collected 5 days post-injection showed significant deceases in total cholesterol and LDL þ VLDL cholesterol in AdUSF1 injected male mice compared with the corresponding control animals injected with AdGFP Figure 3 . Plasma lipid levels, body weight and adiposity (at 10 weeks of age) observed in female (F) and male (M) USF1 tg mice (shaded bars) and corresponding wt littermates (open bars) for each of the three tg lines constructed (n ! 4 in each group). Bars represent mean + 1 SEM. Significant differences between tg and wt mice by unpaired t-test are indicated by Ã P , 0.05; ÃÃ P , 0.01; ÃÃÃ P , 0.001; ÃÃÃÃ P , 0.0001. (Fig. 4) . In female mice, there was a trend towards lower total cholesterol (P ¼ 0.068), but no other differences in plasma lipids. However, in contrast to males, there was a significant increase in the glucose/insulin ratio and a trend towards lower insulin levels (P ¼ 0.076). Plasma triglycerides did not differ for either sex. Apoa1 and Apob transcript levels were measured to see whether reduced levels of these might contribute to the plasma lipid changes observed here and in the transgenics. No significant difference of Apoa1 transcript was found, but that of Apob was mildly increased in the AdUSF1-transfected livers (P , 0.05; Supplementary Material, Fig. S4 ), suggesting that decreased synthesis was not the cause.
Identification of genes induced by USF1 over-expression in vivo
In order to explore mechanisms underlying the physiological effects of USF1 over-expression, we profiled liver tissue collected from mice injected with AdUSF1 or the corresponding control viral particles (AdGFP) and identified differentially expressed genes (USF1-induced gene sets). At P , 0.05 as determined by Student's t-test, and with fold changes ! 1.5 or 0.67, 345 and 265 genes were observed as differentially expressed, in males and females, respectively (Table 1 ; Supplementary Material, Table S2 ). The false discovery rates (FDRs) at this P-value cutoff were 0.15 and 0.22, respectively. The high FDR values in the profiling experiments are likely due to the modest number of mice profiled (n ¼ 3 for each group). A significant sex effect was present, as only 56 (20%) of differentially expressed genes were found in common between the sexes (highlighted in Supplementary Material, Table S2 ). Among these 56, the direction of mRNA level change was consistent between males and females.
To assess enrichment for pathways and other functional categories, we employed Expression Analysis Systematic Explorer (EASE) to implement Fisher's exact test-based enrichment analysis of the gene ontology (GO) functional categories and KEGG pathways (33) . Categories of metabolism of small molecules and compounds were enriched in females, whereas immune responses and antigen processing were enriched in male data set ( Table 1 ). The set of 56 USF1-induced genes shared between male and female animals showed significant enrichment of type I diabetes pathway, immune responses and antigen processing. Detailed results of the ontology enrichment analyses are provided in Supplementary Material, Table S3 .
Characterization of endogenous Usf1 variation in F2 mouse populations
Usf1 has been identified as one of a number of genes supported as having a causal role for relevant metabolic traits using an integrative genetics analysis of an F2 mouse population (the BXH.ApoE F2 cross) (32) , in which Usf1 transcript levels are correlated with multiple traits, including plasma lipids, glucose and insulin measures and body fat measures, though not body weight (Supplementary Material, Table S4 ). In most animals, body fat makes only a modest contribution to body weight, accounting for the apparent discrepancy of Usf1 transcript correlation with the former but not the latter. Hepatic Usf1 transcript levels are under strong cis-regulation in this cross, with transcript levels in the liver 1.5-fold higher in mice homozygous for the C3H alleles compared with the B6 alleles, and multiple traits differ according to genotype at the Usf1 locus (Supplementary Material, Fig. S5 ). This represents a naturally occurring setting in which to examine the impact of genetic variation in Usf1 transcript levels.
The liver global gene expression data from the BXH.ApoE F2 cross were analyzed to identify and functionally characterize the Usf1 molecular signatures, defined as the sets of genes whose expression correlated with Usf1 at P , 0.05. In the BXH.ApoE F2 cross, we identified 2613 and 2802 genes, respectively, in males and females that were significantly correlated with Usf1 transcript levels in the liver (Table 1 and  Supplementary Material, Table S5 ). Approximately one-third of these overlapped between the sexes. There was significant overlap between the Usf1 signature expression profiles of the male F2 mice with the AdUSF1 signatures, but not with the female F2 signatures. Both male and female AdUSF1 signatures significantly overlapped the macrophage-enriched metabolic network (MEMN) and obesity subnetwork-associated gene sets that were previously identified from integrated F2 mouse cross-expression data sets (32, 34) . Enrichment of GO and KEGG categories in signature gene sets was broadly comparable with that observed in the AdUSF1 signature sets, including the sex-related differences (Table 1) . To identify coordinately expressed subsets among genes correlated with Usf1-associated traits, a weighted co-expression network algorithm was applied to partition the molecular signatures of Usf1 from the BXH.ApoE F2 cross-data for each sex (Supplementary Material, Tables S5  and S6 ). This analysis identified a module (designated light-cyan) of 78 genes from the female signature that was significantly correlated with plasma HDL, insulin, glucose/ insulin ratio, adipose mass and leptin (P , 0.0001 for module significance scores). Genes in this module significantly overlapped the MEMN and obesity subnetwork gene sets reported previously, and include several wellcharacterized genes relevant to metabolic processes such as Insig2 and Lepr (Fig. 5) . Nine of the genes were members of the AdUSF1 female signature gene set, and 7 of these were represented among the 20 genes with the highest connectivity (i.e. were 'hub' genes), including insulin-like growth factor binding protein 2 (Igfbp2). Approximately 70% of the genes in this module share an edge with one or more of the nine AdUSF1 signature set genes. Several other modules in both the female and male sets had strong module significance scores for metabolic syndrome-related traits, but were not comparably enriched for AdUSF1 signature set genes (Supplementary Material, Tables S5 and S6) .
DISCUSSION
USF1 has been implicated as a genetic determinate of FCHL and the common complex metabolic disorders of metabolic syndrome and its related traits. Mouse models can provide supportive evidence for the relevance and potential mechanisms of candidate genes identified from human studies. In this work, we utilized three such models. Tg mice constructed utilizing the human gene and its flanking regions are informative because the inclusion of regulatory regions allows for more physiologic expression patterns by tissue and over time. Adenoviral transfection models provide short-term overexpression of the human gene. As it is primarily expressed in the liver, it allows assessment of the significance of hepatic expression apart from other tissues and other genes. The F2 intercross model allows examination of the endogenous gene across a segregating genetic background. When combined with global gene expression analyses, it is a powerful approach for assessing possible causal associations with physiologic traits and for inferring potential pathways involved. Application of these three independent mouse model systems validates the role of USF1 as a determinate of plasma lipid, insulin/glucose and body mass-related traits. They also highlight the significant sex differences that are found with variation in USF1. Analysis of microarray data from the liver suggests that USF1 influences sets of genes involving metabolism and inflammation.
Significant evidence of association of FCHL with USF1 was first observed in 60 extended Finnish families in males affected with high serum triglyceride levels (10). The association and linkage disequlibrium extended over a 46 kb region in affected men. In this and other studies (9, 22) , the region encompasses a portion of the adjacent F11R gene, making F11R a potential candidate as well. In the present study, only the first two exons of the F11R gene were included in the BAC used to construct the tg mice. The BAC included two other genes, ARHGAP30 (Rho GTPase activating protein 30) and PVRL4 (poliovirus receptor-related 4), which were not candidates from the human studies, but might be confounding in the mouse transgenics. Although these genes are similarly positioned near Usf1 in the mouse, in the F2 data set, they do not show evidence of having genetic variation in or near the gene that would influence transcript levels. They also have not been implicated as being causal for any relevant traits using the causality test, or evidence from the literature that they play a role in metabolic diseases. In the adenoviral vector mediated over-expression study, only USF1 was expressed, excluding any possible direct effect of F11R, ARHGAP30 or PVRL4. Thus, we were able to assess the effects of USF1 separate from F11R, and other flanking genes, and provide strong support that USF1 is the responsible gene at this locus for the positive associations found in the human studies.
Besides the FCHL phenotype, significant associations of USF1 for one or more traits involving measures of plasma lipids, obesity and body composition and glucose metabolism have been observed in multiple studies (9, (13) (14) (15) 17, 22) . Similar to these clinical observations, we found effects on this same set of traits, though to varying degrees in the different models studied. Modifying conditions among the models used here included genetic background, gene dosage, organs affected and duration of effect for the transgenic versus the adenoviral vector experiments. In the F2 population, where there is significant linkage, interaction with co-inherited genes likely played a role, along with possible species-related differences relative to the other two models that could affect activity. Additionally, the strong hyperlipidemia-inducing setting of ApoE null genotype and 16 weeks of a Western diet likely contributed to differences with the other models as well. It was of interest to observe in this setting that the genotype associated with greater Usf1 levels showed increased rather than decreased total cholesterol and other lipid fractions that were seen in the transgenic and transfection models. The apoE null genotype creates a hyperlipidemic state by impairing clearance of low and very low density lipoproteins as well as chylomicrons. When combined with a Western diet, plasma total and LDL/VLDL cholesterol levels are typically 10 times or more than those observed in chow-fed wt mice.
Multiple, though not all, clinical studies have noted distinct sex effects, affecting plasma lipids, obesity and body mass index, cardiovascular disease risk and mortality (14, 17, 21) . Also, different USF1 alleles have been mapped for males (common allele) and females (minor allele) in FCHL populations for the same traits (13) . Our findings in the mice were consistent with these clinical observations, as there were clear sex-related differences in trait expression in each of the three models studied. As discussed subsequently, gene expression patterns were also notably different between the sexes.
There are little direct data from in vivo studies as to how genetic variation in USF1 may influence trait expression. To address this, we analyzed global gene expression data from liver tissues of the adenovirus vector-treated mice overexpressing human USF1 and controls, and F2 mice from a population with an endogenous variation in relative Usf1 mRNA expression. We elected not to study the tg mice because of the presence of the adjacent genes in the BAC used and the differing inbred strain background. The signature gene sets derived from these studies showed obvious similarity between the two models when analyzed for pathway and gene set enrichment, with a very apparent sex effect. In both adeno- Figure 5 . Light-cyan module from female BXH.ApoE null F2 hepatic co-expression network analysis of Usf1 signature gene set, which is strongly correlated with plasma HDL, insulin, glucose/insulin ratio, adipose mass and leptin. Yellow nodes represent genes that were also part of the female AdUSF1 signature gene set, and red edges indicate a connection to one or more of these AdUSF1 signature gene nodes. Edge width indicates relative strength of connection. viral vector and F2 mice, males showed enrichment primarily for inflammation and immune-related GO categories, whereas females showed enrichment for metabolism-related categories, as well as some immune response categories. Both showed significant overlap with two gene sets that we identified previously as being associated with obesity, metabolic and cardiovascular traits. One of these is the 'macrophage enriched metabolic network' set that involves inflammation and immune response-related genes among others (32) , which was overrepresented in all groups, including the 54 genes that were differentially expressed in common between the male and female adenoviral vector-treated mice, with P-values after Bonferroni correction of 10 25 to 10 231 . GO biological process categories 'immune response', 'defense response', and 'response to biotic stimulus' were also very significantly over-represented in all the adenoviral transfected gene sets and the F2 ApoE null male signature set (Supplementary Material, Table S3 ).
Therefore, one common mechanism by which genetic variation in USF1 may be influencing the lipid and metabolic traits is by altering inflammation-related processes in the liver and likely other tissues. There has been substantial research linking inflammation with these traits in humans and in animal models, particularly obesity and insulin resistance, where both adipose tissue and the liver are critical sites (35 -38) . The mechanisms are complex and involve both changes in inflammatory cell populations in each organ and altered function in the respective parenchymal cells. Multiple inflammatory mediators can lead to impairment of insulin signaling in hepatocytes and other cells, which in turn affects diverse metabolic processes including lipid metabolism (35, 39) . Evidence that this is occurring in humans in association with USF1 variation exists from expression analyses of fat biopsies of individuals with FCHL, comparing a set with a protective USF1 allele versus those having the risk allele. Many of the same immune/inflammatory response GO categories we observed were significantly overrepresented in the differentially expressed gene set in that study (10) . Additional support for the relevance to humans is provided by a report of USF1 associations with traits measured in the Cardiovascular Health Study, which involved older individuals, which described significant association of USF1 alleles with C-reactive protein and interleukin-6 levels in plasma (22) . Systemic inflammatory markers were not measured in our studies, except for plasma MCP-1 in the F2 mice, which showed no correlation with Usf1 transcript levels (P . 0.4, males and females). However, we did observe a correlation of hepatic Usf1 transcript levels with the extent of atherosclerosis in the aortic root in males (r ¼ 20.21; P ¼ 0.01), and with hepatic Il6 transcript levels in females (r ¼ 0.22; P ¼ 0.006). All together, these results suggest that it is involved in a complex network of genes that regulate metabolic trait expression and inflammation.
The most clearcut findings from our co-expression network analyses that suggest how USF1 might influence such networks were observed in the female F2 mice. One module of tightly correlated genes was significantly correlated with insulin/glucose traits, and a third of the most highly connected genes (hubs) were ones differentially expressed in the shortterm AdUSF1 study. Among the most interesting of these was Igfbp2. IGFBP2 tg mice have greater insulin sensitivity and lower body fat, presumably acting through its modulating effects on IGF-I (40), and low plasma levels of IGFBP2 have been associated with the metabolic syndrome traits in a cohort of diabetic patients (41) . In networks, variation in hub gene activity has a disproportionate impact. Thus, by having a direct impact on one or more hub genes, the effect of Usf1 would be propagated to many more genes in the module. Several genes in this module have been associated with metabolic related traits in some genome-wide association studies, including Igfbp2, Insig2, Ngef and Lepr (42 -45) . Thus, although such analyses do not provide specific biochemical explanations for the mechanisms of Usf1 action, they do provide evidence that Usf1 can influence gene networks that in turn influence trait expression and suggest that specific genes may be more significantly involved. It is important to note that these analyses were restricted to the liver, and Usf1 expression in adipose and other relevant tissues is likely important in determining the impact on traits. Also, modulation of activity by non-transcriptional regulation, such as post-translational modifications (46), would not be reflected in these analyses.
The mechanisms by which genetic variation of USF1 influences medically relevant phenotypes are undoubtedly complex, and it is unlikely that the apparent association with inflammatory processes accounts for all of the findings observed in the different models. There was enrichment of metabolism-related GO categories, particularly in female mice, that suggests a role for pathways independent of inflammation, though these were not the ones that obviously could explain particular phenotypes. In both the F2 and the adenoviral transfected mice, we did not observe a significant relationship between USF1 and Apoa1 or Apob transcripts in the liver, suggesting that changes in the clearance of lipoproteins rather than altered hepatic synthesis were involved in the USF1-induced changes in plasma lipid fractions in these models. USF1 is ubiquitously expressed, and recent genomewide ChIP-seq studies have shown that it is associated with thousands of genes (29) . Human studies have suggested that there are significant influences of other genes, sex, age and physiologic state on the phenotypic effect of genetic variation of USF1 (13, 17, 21, 22) . Our work supports the importance of genetic variation in USF1 as a determinant of traits relevant to hyperlipidemia, obesity and metabolic syndrome and highlights the significance of sex in this regard. It also suggests that USF1 may act in part through influencing gene networks in the liver closely linked to metabolism and inflammation, such as that described earlier containing Igfbp2 and closely correlated genes.
MATERIALS AND METHODS
Tg animal models
BAC clone CTD3003012 including the human USF1 gene sequence was purchased from Invitrogen ( Supplementary  Material, Fig. S1A ). The sequence was confirmed using PCR primers specific to the two BAC ends and human USF1 gene sequence. The clones were cultured in LB medium containing chloramphenicol. BAC DNA was extracted and purified with a large-construct kit (Qiagen) and pulse-field electrophoresis. The purified circular BAC DNA was injected into pronuclei of fertilized FVB eggs, and surviving eggs were transferred to pseudopregnant FVB female mice. Transgenic founders were identified using DNA isolated from tail biopsies by PCR using BAC-end-specific and USF1-specific primers. The integration of the entire BAC sequence was confirmed in all founders.
All mice were bred at UCLA and were fed a 4% chow diet (Harlan Teklad7017; 4% fat, 0% cholesterol) ad libium and maintained on a 12 h light/dark cycle until euthanasia at the age indicated. Genomic DNA was isolated from tail samples using a DNeasy kit (Qiagen) and genotyped using PCR. All reactions were carried out using initial denaturing at 988C for 30 s, followed by 35 cycles at 988C for 10 s, 558C for 30 s, 728C for 30 s and completed with an extension at 728C for 2 min. All mice were weaned at 3 weeks of age, when started with a 4% chow diet.
Phenotypic characterization of the tg mouse model
All tg mice were studied as heterozygotes, and controls (wt) were sex-matched non-tg littermates. Starting at 8 weeks of age, each mouse was monitored for body weight, and body composition was evaluated by NMR (Brucker Minispec). Lean mass, fat mass and water content were monitored over the course of chow diet for 15 weeks. Mice were fasted and anesthetized via exposure to isoflurane before blood was collected through the retro-orbital sinus. All procedures were performed in accordance with the current National Research Council Guide for the Care and Use of Laboratory Animals and were approved by the UCLA Animal Research Committee.
Analysis of phenotypic data
Student's t-test was used to analyze the differences in the clinical traits between tg animals and their wt littermate controls. The significance level was set to P , 0.05. The significance of the difference in the growth curves of total body weight, fat mass, lean mass and adiposity between tg and wt controls was determined using an auto-regressive method described previously (34) .
Adenovirus-mediated over-expression of USF1
Recombinant adenovirus serotype 5 (DE1/E3) expressing human USF1 and/or enhanced GFP (AdUSF1 and AdGFP) was produced by Vectors Biolab (Philadelphia, PA, USA) (Supplementary Material, Fig. S1B ). Both 293 cells and mouse primary hepatocytes were cultured in monolayer and infected with 10 MOI (multiplicity of infection) of AdUSF1 or AdGFP. Quantitative PCR was employed to detect expression of human USF1 transcript, and western blot analysis was performed to detect human USF1 using the mouse monoclonal anti-human USF1 antibody AB58100 (Abcam). To transiently over-express USF1 in the liver, mice received 3 Â 10 9 plaque-forming units of recombinant adenovirus vector particles in 0.2 ml saline diluent by tail vein injection. Five days post-injection, mice were fasted for 6 h prior to euthanasia. All animals were exposed to isoflurane for blood collection via retro-orbital sinus, and tissues were snap-frozen using liquid nitrogen. For western blot analysis, 40 mg of total protein extracted from each liver was applied to a 4-12% Bis -Tris NuPAGE gel in MOPS/SDS running buffer (Invitrogen, Carlsband, CA, USA). After transblotting, PVDF membrane was incubated in 5% non-fat milk-TBS/T blotto at room temperature for 1 h on shaker, followed by incubation with primary antibody (diluted 1:1000 in blotto) overnight at 48C on a shaker. After three TBS/T washings, the membrane was incubated with secondary antibody (1:6000, ECL Mouse IgG, HRP-linked whole antibody, GE Health, Piscataway, NJ, USA) for 1 h at room temperature on a shaker and washed again three times in TBS/S. ECL-plus (GE Health) was employed to visualize protein bands on film.
RNA analysis
Total RNA isolation of tissues and cells was performed with TRIzol reagent (Invitrogen), followed by an RNeasy Mini Kit (Qiagen) cleanup step. Complementary DNA was synthesized with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) for RT -PCR. Quantitative PCR was carried out by using QuantiTect SYBR Green PCR Kit (Qiagen) on an Opticon machine (MJ Research). Each qPCR was carried out at least in duplicate. The primer sets used for real-time RT -PCR were: human USF1 (AAT GGAACGGGGGTAGAAAG; AGATAACACCTGCAGCCA CC) and mouse Usf1 (GGGAGTTTGGCAAGTGTGTT; CAGTGTCCAGCAAGGAGACA), and sets from Qiagen for murine TATA box-binding protein (Tbp; QT00198443), beta-actin (Actb; QT01136772), apolipoprotein A-I (Apoa1; QT00110663) and apolipoprotein B (Apob; QT01061494). The PCR conditions were 958C for 15 min, followed by 40 cycles of 958C for 15 s, 558C for 30 s, 728C for 1 min. All qPCR readouts were normalized to either b-actin or TATA box-binding protein transcript levels.
Global gene expression analysis
Illumina Mouse whole-genome expression BeadChip (MouseRef-6-v2 Expression BeadChip) was used to profile gene expression of adenovirus-infected animals. All amplifications and hybridizations were performed according to the Illumina protocol by the Southern California Genome Consortium Microarray Core Laboratory at UCLA. Briefly, 200 ng of total RNA was reverse-transcribed to cDNA using an Ambion cDNA synthesis kit (AMIL 1791) and then converted to cRNA and labeled with biotin. Biotinylated cRNA product (800 ng) was hybridized to arrays prepared and allowed to incubate overnight (16 -20 h ) at 558C. Arrays were washed and then incubated with Cy3-labeled streptavidin. After washing, arrays were dried and scanned on an Illumina BeadScan confocal laser scanner. Robust spline normalization and cubic root transformation methods with LumiR package were employed to process raw data of gene expression. The microarray data for these analyses have been deposited in GEO under accession number GSE17442.
Identification of molecular signatures of Usf1 in segregating mouse populations
Data were analyzed from a mouse intercross described in previous studies (32,47 -50) . These were constructed from C57BL/6J (B6) and C3H/HeJ (C3H) strains on an ApoE null background (BXH.ApoE). RNA hybridization and transcript quantification on custom Agilent gene expression microarrays have been described previously (48) . Individual transcript intensities were corrected for experimental variation and normalized and were reported as the mean log 10 ratio (mlratio) of an individual experiment relative to a pool reference made from the same F2 population. The F2 mouse cross-microarray data for this study have been deposited in GEO under accession number GSE2814. Other studies using data from this cross have been published (32,34,48 -51) . Correlations between transcripts and Usf1 message level were calculated using Pearson's correlation, with data from male and female mice analyzed independently. The significance level was set at P , 0.05. Among 23 574 probes (60mer oligonucleotides) for mouse genes and ESTs and 2186 control sequences (Agilent Technologies), 2898 and 3082 probe readouts were identified to significantly correlate with Usf1 mRNA levels at a nominal P-value of ,0.05, which represented transcripts from 2613 and 2802 genes in male and female animals, respectively.
Construction of weighted co-expression networks with Usf1 molecular signature sets
Weighted co-expression gene networks were constructed with Usf1 molecular signature genes identified in each sex independently as described (52) . Briefly, Pearson's correlation between each pair of signature genes was computed to yield a similarity matrix that is subsequently transformed into adjacency matrix by applying power functions to generate a scale-free weighted co-expression gene network. The connectivity between any two genes was determined by taking the sum of their connection strengths with all other genes in the network. The adjacency matrix was employed to measure node dissimilarity, based on the topological overlap matrix. Hierarchical clustering on the topological overlap matrix was performed to define gene modules. Modules are identified by an assigned color designation; there is no relationship between modules from different sexes that have the same assigned color designation, as the co-expression networks were constructed independently. The first principal component of a given module was defined as module eigengene, which is considered the most representative gene expression in a module. For each module, Pearson's correlation coefficient between its eigengene and each clinical trait was determined and defined as module significance. Detailed information of the algorithm and R packages can be downloaded at http://www.genetics.ucla.edu/labs/horvath/ CoexpressionNetwork/ CytoScape 1 was employed to visualize the co-expression network for a given module, where node and edge correspond to transcript and pair-wise connectivity (53) .
Pathway and gene set enrichment analysis
To assess whether gene signature sets and modules were significantly enriched for GO function categories and KEGG pathways, one-tailed Fisher exact test implemented in the EASE analysis tool was employed (33) . Overlap between gene sets was also determined using the one-tailed Fisher exact test as implemented in EASE.
